ABSTRACT With the boosting of mobile services, licensed spectrum for wireless networks becomes more and more crowded. To explore new spectrum for cellular users, more and more mobile operators are interested in deploying the long-term evolution in unlicensed spectrum (LTE-U), which utilizes the unlicensed spectrum occupied by Wi-Fi. Because the medium access control (MAC) protocols of LTE-U and Wi-Fi are different, the synchronization between the LTE-U users and Wi-Fi users cannot be guaranteed for LTE-U/Wi-Fi coexisting networks, thus resulting in the throughput deterioration of LTE-U and Wi-Fi users. In this paper, we propose the full-duplex two-threshold spectrum sensing (FDTT-SS) algorithm for LTE-U/WiFi coexisting networks, where both LTE-U and Wi-Fi users adopt the listen-before-talk mechanism, with adaptive priority for LTE-U. Using our proposed FDTT-SS scheme, the LTE-U/Wi-Fi average transmission time can be guaranteed by avoiding the collisions among LTE-U/Wi-Fi users. We further develop the FDTT-MAC protocol that can significantly increase the sum throughput while guaranteeing the fairness for LTE-U/Wi-Fi coexisting networks. Numerical results show that our proposed fair FDTT-MAC protocol can improve the channel utilization in unlicensed spectrum and can increase the throughput of Wi-Fi without greatly degrading the throughput of LTE-U for coexisting wireless networks as compared with existing schemes.
I. INTRODUCTION
Mobile data traffic is expected to grow at a compound annual growth rate of 46 percent and reach 48.3 EB (one billion GB) per month by 2021 [1] . The dramatic increase in mobile services leads to a sharp shortage of authorized spectrum resources [2] . To tackle this problem, long-term evolution (LTE) has been extended to 5GHz unlicensed spectrum [3] , namely, LTE-unlicensed (LTE-U) for more spectrum resource. However, the extension requires that LTE-U shares the spectrum with other networks such as WiFi. Since LTE and WiFi are separately designed, the common access mechanisms for both LTE and WiFi systems are urgently needed. As a result, more and more researchers pay attention to the coexistence of LTE-U and WiFi networks in unlicensed spectrum.
There are mainly two kinds of MAC protocols [4] for LTE-U: Listen-before-talk (LBT) protocol and dutycycled (DC) protocol. For the LBT-based MAC protocol, LTE-U needs to execute a channel clear assessment (CCA) before accessing the channel and transmits when the channel is sensed idle. For the DC-based MAC protocol, LTE-U directly accesses the channel without the CCA period. On the other hand, the most common WiFi MAC protocol is the distributed coordination function (DCF), which has been proposed in IEEE 802.11 [5] . It is a contention protocol based on carrier sense multiple access with collision avoidance (CSMA/CA) [6] . To share the unlicensed spectrum [7] , DCbased LTE-U or LBT-based LTE-U coexisting with WiFi networks have been proposed in the literatures.
There exist theoretical analyses and performance evaluations for LTE-U and WiFi coexisting networks in the previous literatures [8] - [11] . These results showed that the performance of WiFi network is severely impacted by LTE-U accessing while LTE-U is slightly affected by coexistence. This is because the WiFi system is interfered by LTE-U transmission and has to frequently stay on the listen mode. Zhang et al. [12] and Ying et al. [13] proposed the coexisting protocols based on duty-cycled LTE-U. Under this scenario, WiFi may be interrupted during transmission which results in the packets-loss due to the long waiting delay. Cierny et al. [14] proposed the modified almost blank sub-frames (ABSs) scheme for LTE to reduce collision without monitoring the channel. Also, Almeida et al. [15] proposed a simple coexistence scheme by using LTE blank sub-frame allocation. The LTE-U released the channel to WiFi within the blank sub-frame of LTE-U, and thus WiFi transmitted signals without interference from LTE-U. Guan and Melodia [16] proposed an optimization framework architecture based on channel selection to avoid interference with WiFi. However, these results are not clear for the best parameters configuration of LTE blank sub-frames because they did not analyze the impact on the WiFi performance. Therefore, the channel resource allocation for LTE-U and WiFi coexisting networks is a big problem, which leads to the sum throughput downgrading due to both the transmission time given up by LTE-U and the long waiting delay of the WiFi networks.
As an alternative, listen-before-talk (LBT) is another effective coexistence method for unlicensed spectrum proposed by 3GPP. Several studies [17] - [19] indicated that the LBT scheme is crucial for the 5G wireless networks to support dynamic spectrum usage [20] in heterogeneous networks. Wei et al. [21] , [22] , and Jeon et al. [23] adopted the LBT-based LTE-U to improve the performance of the coexisting networks. These results have shown that the LTE-U can maintain most of its performance advantages when it coexists with WiFi system using LBT scheme. However, the robustness of WiFi system is lower than that of LTE-U system. On the other hand, Chen et al. [24] modeled the markov chain with a fixed back-off window which is adaptive for LTE-U system. Lien et al. [25] investigated the optimal radio access for LTE-U coexisting with WiFi networks. Chaves et al. [26] proposed a power control scheme which reduces the LTE-U uplink transmission power to ensure WiFi transmission. However, none of them discusses the optimization of the sum throughput taking into account the fairness for LTE-U/WiFi coexisting networks.
In this paper, we study the LTE-U/WiFi coexistence networks with LBT-based LTE-U for unlicensed spectrum. We jointly consider the spectrum sensing at the physical layer and the fairness mechanism at medium access control (MAC) layer. We develop the full-duplex twothreshold spectrum sensing (FDTT-SS) algorithm and the FDTT-MAC protocol to significantly increase the sum throughput of LTE-U and WiFi users. Our contributions are:
1) We propose the two-threshold detection scheme to increase the spectrum efficiency of unlicensed band and use the full-duplex WiFi to increase transmission opportunities of LTE-U and WiFi users.
2) We develop the FDTT-MAC protocol to avoid collisions among LTE-U and WiFi users to increase the overall throughput while ensuring fairness for LTE-U/WiFi coexisting networks.
The rest of this paper is organized as follows. Section II presents the system model. Section III proposes the twothreshold based full-duplex sensing scheme for LTE-U/WiFi coexisting networks. Section IV develops the fair FDTT-MAC protocol and analyzes the throughput of LTE-U/WiFi coexisting networks. Section V evaluates our proposed FDTT-SS scheme and fair FDTT-MAC protocol with numerical results. Finally, Section VI concludes this paper.
II. SYSTEM MODEL
We consider the LTE-U and WiFi coexisting networks with L sub-channels in the unlicensed spectrum, as shown in Fig. 1 , the home evolved node B (HeNB) communicates with M LTE-U users using the LTE-U network while the WiFi AP communicates with N WiFi users using the WiFi network. Due to the coexistence of LTE-U and WiFi, we need to solve some critical problems as follows.
A. WIFI PERFORMANCE-ATTENUATION PROBLEM
Since the direct transmissions of LTE-U probably collide with the transmissions of WiFi users, the deployment of LTE-U users in the unlicensed band will inevitably downgrade the performance for WiFi users, which is the WiFi performanceattenuation problem. To solve the problem, we propose the LBT-based LTE-U coexisting with full-duplex WiFi. As shown in Fig. 2 , the LTE-U user can be within the active duration (ON), the idle duration (OFF), and the CCA period. To increase the spectrum utilization, the idle period can be used by WiFi transmissions. However, the traditional WiFi device may not sense the idle channel while WiFi user is not in the sensing period exactly, which results in the long delay of WiFi transmissions and even the packet loss of WiFi. Therefore, we use the full-duplex mode at WiFi devices. WiFi can avoid collisions earlier when the channel is used by other active users and access the channel immediately once the channel is not busy. In addition, to reduce the wasted delay for sensing periods, WiFi offers the adaptive priority to the LTE-U users with the two-threshold detection method (The full-duplex two-threshold spectrum sensing (FDTT-SS) scheme is specified in Section III).
B. THE FAIRNESS BETWEEN LTE-U AND WIFI NETWORKS
With WiFi transmission at the LTE-U ''OFF'' period, the opportunities of WiFi transmission can be significantly increased. However, since the LTE-U users cannot sense the WiFi transmission during their own transmission period, the opportunities of WiFi transmission depends on the dynamic access of LTE-U. Therefore, how to fairly allocate the channel resources for LTE-U and WiFi to achieve the maximum sum throughput is still a problem, called the fairness problem. To resolve the problem, we propose the MAC protocol based on FDTT-SS (FDTT-MAC) for the LTE-U and WiFi coexisting networks, which takes the fairness into account. Then, we evaluate the throughputs of LTE-U and WiFi to calculate the optimal channel-occupancy ratio of LTE-U with analyzing the concavity of the defined fairness function (The FDTT-MAC protocol is specified in Section IV).
III. THE COEXISTENCE-BASED FDTT-SS ALGORITHM
Several signal detection techniques are presented in [27] - [29] . We mainly focus on the energy detection since it is not only simple to be implemented in hardware [30] , but also without the requirements to knowledge the characteristics of LTE-U and WiFi signals. Figure 3 shows the probability density function with the traditional energy detection method. Under the traditional single-threshold energy detection scheme, there exists some disadvantages. As illustrated in Fig. 3 , decreasing the probability of miss detection is at the expense of increasing the false alarm probability, which reduces the opportunities of accessing the unlicensed spectrum for WiFi users, resulting in the sacrifice of WiFi performance. To enable the efficient utilization for the unlicensed spectrum, the full-duplex two-threshold spectrum sensing (FDTT-SS) algorithm is presented as follows (Y is the detected energy of the channel).
In the FDTT-SS scheme, we use two thresholds, denoted by 1 and 2 , respectively, with 1 < 2 . Figure 4 shows the two-threshold energy detection method, where we consider two scenarios.
1) The LTE-U user is occupying the channel. Under this case, WiFi continuously senses the energy of the channel and compares the detected energy with the first threshold 1 . Once the detected energy level is lower than 1 (i.e., Y < 1 ), the WiFi users get the permission to access and use the channel.
2)The WiFi user is using the channel. Under this case, WiFi keeps sensing the energy of the channel based on the fullduplex energy detection and compares the detected energy with the second threshold 2 . Once the detected energy level is higher than the threshold 2 (i.e., Y > 2 ), there are active LTE-U users attempting to access the channel. With the fullduplex fashion, the WiFi users can timely leave the channel, thus avoiding collisions. The LTE-U user listens the channel for a CCA period before accessing the channel; 4: If (C 1 is idle) 5: The LTE-U user transmits in the idle channel which is sensed simultaneously at the WiFi device using the fullduplex based energy detection; 6: If (The detected energy is smaller than the first energy threshold, i.e., Y < 1 )
The WiFi user gets the permission to access and use the channel; 8:
The LTE-U user keeps occupying the channel to transmit; 10:
End if

11:
Else if (C 1 is busy) 12: The LTE-U user enters into the ''OFF'' stage; %The WiFi user is using the channel C 1 .
13:
The WiFi device use the wireless full-duplex energy detection method to sense C 1 within each sensing period while transmitting; 14: If (The detected energy is more than the second threshold, i.e., Y > 2 ) 15: The WiFi user stops the transmission and keeps sensing the channel with the full-duplex based energy detection; 16: Else 17: The WiFi user continues to transmit;
18:
End if
19:
End if 20: End
Under the wireless full-duplex two-threshold spectrum sensing method, we assume that the signals sent by LTE-U and WiFi users, denoted by l(t) and s(t), respectively, following a symmetric circular complex Gaussian distribution with
For the convenience of our following analyses, we assume the initial values of zero for the LTE-U and WiFi signals, i.e., s(0) = 0 and l(0) = 0. ν(t) represents the additive white Gaussian noise (AWGN) with zero mean and variance of σ 2 ν [31] . Then, the signal received at the full-duplex enabled WiFi device at time t without LTE-U signals, denoted by r 0 (t), can be expressed as follows:
where η w (0 < η w < 1) is the self-interference suppression (SIS) coefficient of WiFi signals (when η w approaches 0, it indicates that the stronger capability of suppressing the interference at the full-duplex enabled WiFi AP), h is the instantaneous amplitude gain of the channel.
If there are LTE-U signals attempting to be sent, the signal received at the full-duplex enabled WiFi device, denoted by r 1 (t), is given as follows:
where κ is the mitigation coefficient of LTE-U signals.
Based on Eqs. (1) and (2), we can obtain the autocorrelation function of the signal r 0 (t), represented by R 0 (τ ), as follows:
where τ is the interval time of the signals. The notations r * 0 (t), s * (t) and ν * (t) are the complex conjugates of r 0 (t), s(t) and ν(t), respectively. In the similar way, the autocorrelation function of r 1 (t), denoted by R 1 (τ ), can be expressed as follows:
where r * 1 (t) and l * (t) are the complex conjugates of r 1 (t) and l(t), respectively.
Then, we have the mean values of the received signals r 0 (t) and r 1 (t), denoted by µ 0 and µ 1 , as follows:
Due to the zero mean, the variances of the received signals r 0 (t) and r 1 (t), denoted by σ 2 0 and σ 2 1 , can be expressed as follows:
We sample the received signals at the moment m. During all the sensing periods, the LTE-U users may change from inactive state to active state, which is defined as the hypothesis H 01 . To the opposite, let H 10 be the hypothesis that the LTE-U changes from active state to inactive state. Thus, we can write the hypothesis testing statistics for the channel, denoted by Y (r), as follows:
where U is the number of samples within entire sensing period containing active LTE-U users for d samples, or inactive LTE-U users for a samples.
Using the central limit theorem (CLT), for large U , the probability density function (PDF) of Y (r) under the hypothesis H 10 can be approximated by a Gaussian distribution, denoted by ρ 10 (x) [19] , as follows:
Because of the independence among the LTE-U, WiFi and noise signals, the mean energy of the detected signals can be obtained according to the Eqs. (3) (4) and (7). We can approximate the mean value of the signal energy, denoted by µ 10 , as follows:
and the variance, denoted by σ 2 10 , as follows:
where γ lv is the ratio of LTE-U signals to the noise, expressed by h 2 σ 2 l /σ 2 ν , and γ wv is the ratio of WiFi users' residual self-interference to the noise, expressed by η 2 w h 2 σ 2 s /σ 2 ν . Similarly, we can obtain the PDF of Y (r) under the hypothesis H 01 approximately, denoted by ρ 01 (x), as follows:
where
and
represent the mean and the variance of the detected energy, respectively. According to our proposed two-threshold energy detection method, we can derive LTE-U users' missed detection probability and false alarm probability, denoted by P MD and P FA , respectively, as follows:
where Q(x) is the complementary distribution function of the standard Gaussian. Specifically, with our proposed FDTT-SS algorithm, WiFi users can collect active LTE-U samples continuously by taking more sensing periods (SP) with increasing the number of short sensing periods V . As shown in Fig. 2 , full-duplex based WiFi device can not only sense the channel state during the first SP, but also timely detect the active LTE-U users when it keeps transmitting the data, which are very crucial for LTE-U and WiFi coexisting networks in unlicensed spectrum. Thus, the active LTE-U samples can be precisely detected, which increases both the transmission opportunities of LTE-U users and WiFi users.
IV. THE FDTT-MAC PROTOCOL FOR LTE-U/WIFI COEXISTING NETWORKS
Based on the FDTT-SS algorithm, the utilization of unlicensed spectrum can be increased by decreasing both the probabilities of false alarm and miss detection, which is beneficial to cope with the exponential growth of mobile traffic for LTE-U coexisting with WiFi networks. Also, the WiFi transmission opportunities are increased with the dynamic ''OFF'' period of LTE-U. However, these works focus on the physical layer resource allocation. To design an efficient MAC protocol for taking the fairness into account, we develop the FDTT-MAC protocol in the following.
A. FDTT-MAC PROTOCOL OVERVIEW
During the FDTT-SS algorithm, while an LTE-U user is occupying the sub-channel, the WiFi users need to back off and keep sensing for the next transmission opportunity. Here we show the FDTT-MAC protocol which can increase the WiFi transmission opportunities. The FDTT-MAC protocol is presented as follows (we define the identifier I with I ∈ {0, 1} denoting whether the sub-channel is busy (I = 1) or not (I = 0); i denotes the serial number of sub-channels; j is the number of sensing rounds for the current sub-channel; L is the number of sub-channels).
With the FDTT-MAC protocol, if the WiFi user attempts to transmit the data using the idle sub-channel, it loops through all sub-channels until it finds an idle sub-channel. During the sensing period, the WiFi user randomly chooses a sub-channel and compares the detected energy with two thresholds to judge the state of the current sub-channel. WiFi user gets the permission to transmit the data if it listens an idle sub-channel, which is marked as C 2 . During the transmission, it keeps listening the sub-channel C 2 . Once the WiFi user detects the active LTE-U users under the wireless FDTT-SS scheme, it stops transmissions immediately in the sub-channel C 2 , and then loops through other VOLUME 6, 2018 sub-channels with taking one more sensing round to find the idle sub-channel. Thus, WiFi users can listen the subchannels cyclically and access the idle sub-channel timely, which can reduce the waiting delay of WiFi queues.
In particular, the transmission process with the FDTT-MAC protocol is specified in Fig. 5 . Under the FDTT-MAC protocol, each WiFi user transmits the request-to-send (RTS) packet with probability p. It is required to receive successfully the clear-to-send (CTS) packet before the WiFi user transmits the data packet in the sub-channel. Therefore, the WiFi user which receives the CTS packet (among the WiFi users which attempt to access the sub-channels) will get the permission to transmit data packets, just like WiFi user 1 in Fig. 5 . However, the WiFi AP can perceive the sub-channel to detect the active LTE-U users during the whole transmission process. If the LTE-U user is active, WiFi may return the sub-channel back to it and look for another idle sub-channel to keep transmitting. Then, the LTE-U and WiFi packets can be protected from being discarded, thus also avoiding the collisions and guaranteeing the contention fairness among WiFi users.
B. THROUGHPUT ANALYSES FOR THE LTE-U/WIFI COEXISTING NETWORKS IN UNLICENSED SPECTRUM
In this section, we consider the situation of saturated networks. In the saturation case, there is always a non-empty queue waiting to be transmitted in the network. We analyze the achieved throughput of LTE-U users and WiFi users with our proposed FDTT-MAC protocol for the saturation network case. We define the LTE-U users' channel occupancy time ratio as β, which is the channel utilization with respect to LTE-U users while the WiFi users keep silent in the unlicensed spectrum. We have
where T L is the duration of active LTE-U samples, T CCA is the channel clear assessment period, and T F is each frame duration of LTE-U. We assume the channel utilization applies to all L unlicensed sub-channels. We have [32] , where β i is the channel utilization of the LTE-U users for each unlicensed sub-channel. Using the FDTT-MAC protocol, the WiFi user performs polling sensing on each sub-channel when the current subchannel is perceived as busy. We assume the probability that the detected signal energy falls between the two thresholds during the j-th spectrum sensing round as q. Then, the number of sensing rounds for each sub-channel that needs to be taken follows the geometry distribution, i.e.,
During the cyclically sensing process, let δ(t) be the random number of free sub-channels at a certain time t. Then, we can get the probability that u sub-channels are available to WiFi users at the particular time, as follows:
Based on the formula shown as Eq. (17), we can deduce the average number of sub-channels that the WiFi users can use, denoted by L N , as follows:
Also, the average number of sub-channels which are available to LTE-U users, denoted by L M , can be presented by
Since the WiFi users can sense the LTE-U users reoccupation to the sub-channel during the entire transmission process [33] , LTE-U user can be still transmitting while the WiFi If (The LTE-U user occupies the sub-channel which is sensed by a WiFi user) 3: %The WiFi user needs to find another idle subchannel. 4 :
While (I = 1); 6: The WiFi user perceives the i-th sub-channel during the j-th sensing round with the FDTT-SS algorithm.
7:
If (The detected energy meets Y < 1 in the i-th channel) 8: %The sub-channel is not busy. C 2 = i; 11: WiFi users transmit using the idle sub-channel C 2 , and keep sensing the channel with the FDTT-SS algorithm;
12:
Else 13: WiFi users continuously sense the sub-channel to collect the LTE-U signals; %The sub-channel is sensed as busy; 14: If (i = L) 15 : 
End if
20:
End if
21:
End while 22: End if 23: End while AP keeps sensing the sub-channels. Therefore, the transmission period, denoted by T tp , is derived as follows:
For generality, we assume that the transmission rate, represented by R, applies to each sub-channel for all users. Then, we can derive the average achieved goodput of LTE-U users for saturated coexisting networks in unlicensed spectrum, denoted by S lte , as follows:
Next, we discuss the average throughput achieved by WiFi users for the case of saturation in the unlicensed spectrum. Let T d be the duration of a data packet transmission for WiFi users, L RTS be the length of an RTS frame, L CTS be the length of a CTS frame, L ACK be the length of an ACK frame, T SIFS be the time interval of a SIFS, and T DIFS be the time interval of a DIFS. As illustrated in Fig. 5 , we can calculate the time it takes for a WiFi user to accomplish a successful transmission without sensing the LTE-U users' reoccupation, denoted by T s , as follows:
On the other hand, if there are any collisions happening during the transmission, we can express the time spent by an unsuccessful transmission for a WiFi user, represented by T c , as follows:
We can also derive the probability that a WiFi AP successfully sends one packet, the probability that the channel is idle, and the probability of a collision occurring in the channel, respectively denoted by P s , P i , and P c , as follows:
;
Then, we can calculate the average time of the successful transmission used for a WiFi user without the reoccupation of the LTE-U, denoted by T (p, M ), which is formulated as follows:
where T ms is the length of a mini-slot. When the LTE-U users reactivate to use the unlicensed sub-channel, the WiFi user will sense the channel by FDTT-SS algorithm, then stop the transmission and loop through all the sub-channels to find another idle sub-channel with the FDTT-MAC protocol. This will generate new contentions for the WiFi users. Once the WiFi sensed the LTE-U users' reactivation, we can obtain the time it takes to successfully transmit and the time spent by an unsuccessful transmission for another new contention,respectively denoted by T sr and T cr , as follows:
Then, we calculate the average time of the successful transmission used for a WiFi user with the reactivation of the LTE-U, denoted by T r (p, M ), which is expressed as follows:
Additionally, we consider that WiFi users sense the idle sub-channel with (g + 1) sensing periods and contend this idle sub-channel. Hence, the sum of the consumed time for WiFi users, denoted by T r , can be approximated as follows: (28) where N n is the average number of the sensing rounds during the transmission period of WiFi users. The expression can be written as N n = 1/q. During T r , WiFi users judge the states of the sub-channel and successfully find an idle sub-channel for transmission. Hence, both LTE-U users' transmissions and WiFi users' transmissions can be guaranteed efficiently by the cost of T r . Therefore, the achieved throughput of WiFi users, denoted by S wifi , can be derived as follows:
C. FDTT-SS BASED FAIRNESS MECHANISM
To efficiently allocate the channel resources for LTE-U and WiFi coexisting networks in the unlicensed spectrum, we introduce the weighted factor α to balance the fairness between the throughput of LTE-U and WiFi users. And we can express the sum throughput, denoted by S t , as follows:
To obtain the maximized sum throughput while guaranteeing the fairness, we develop a fairness mechanism, which is shown in Fig. 6 .
In the fairness mechanism, we set the weighted factor α (ranging from 0 to 1) according to the different conditions in practical applications. δ is a very small value which can quantify the accuracy of fairness function, and F * is the ideal value while the fairness is optimal.
With the fairness mechanism, we define a fairness function [34] , denoted by F, which jointly considers the throughput of LTE-U and WiFi users, as follows:
. (31) First, we calculate the value of fairness function F with given α, δ and β (which is the channel utilization of LTE-U users). Then, we compare the difference of fairness with δ. If the error of fairness function is acceptable, the channel occupancy time of LTE-U users is well. If not, we need to adjust β during the next transmission period to the optimal value, denoted by β * . Due to the concavity of our proposed fairness function, F gets the maximum value while
(1−α)N . Thus, β * can be derived as follows:
Also, we can find the optimal value of fairness function, i.e., F * = 1.
V. PERFORMANCE EVALUATIONS
In this section, we evaluate the performance of our developed FDTT-SS algorithm and FDTT-MAC protocol with numerical results for LTE-U/WiFi coexisting networks in unlicensed spectrum. First, we plot the curves of the miss detection probability and the false alarm probability with the two energy thresholds, respectively. Then, we show the throughputs of LTE-U and WiFi users using the FDTT-MAC protocol, which are compared with that of the full-duplex WiFi coexisting with duty-cycled LTE-U (FD-DC) networks and the half-duplex WiFi coexisting with duty-cycled LTE-U (HD-DC) networks. We also show the sum throughput under the constraint of fairness for LTE-U/WiFi coexisting networks. Throughout our simulations, we set the main parameters as follows. We set the number of sub-channels in the unlicensed spectrum L = 10, the data rate for each sub-channel R = 1Mbit/s, the length of RTS packet L RTS = 288 bits, the length of CTS packet L CTS = 240 bits, and the length of ACK packet L ACK = 240 bits. Then, we set the every minislot interval T ms = 9µs, the short inter-frame space T SIFS = 28µs, and the distributed inter-frame space T DIFS = 128µs. Also, we set the CCA period T CCA = 1 ms, the duration of each LTE-U sub-frame T F = 10 ms. In addition, we set the number of sensing periods V = 10, the duration of each FIGURE 7. The probability of miss detection P MD in the full-duplex two-threshold spectrum sensing scheme. FIGURE 8. The probability of false alarm P FA in the full-duplex two-threshold spectrum sensing scheme.
sensing period T sp = 1 ms, and the probability of sending a packet p = 0.01. For convenience, we set the number of LTE-U users and the number of WiFi users as M = 10 and N = 10, respectively.
Figures 7 and 8 plot the probability of miss detection and the probability of false alarm, respectively, versus the energy threshold under the traditional energy detection method. We can obtain that the miss detection probability increases as the energy threshold increases. To the opposite, the probability of false alarm decreases as the threshold increases. On the other hand, we plot the curves to compare the impacts with different active LTE-U samples. As illustrated in Fig. 7 , the probability of miss detection decreases as the active LTE-U increases. Whereas, the probability of false alarm increases as the inactive LTE-U increases, which is shown in Fig. 8 . Therefore, in our proposed FDTT-SS algorithm, we both decrease the probabilities of miss detection and false alarm by decreasing 1 and increasing 2 , which can efficiently increase the utilization of the unlicensed channels. Moreover, since the self-interference of LTE-U signals cannot totally be cancelled during the existing wireless full-duplex communication, we show the impact of residual self-interference on the FDTT-SS scheme. We plot the curves with considering the two scenarios where κ = 1 and κ = 0.9, respectively. We can obtain that the residual self-interference have little impact on both the probabilities of miss detection and false alarm.
Figures 9 and 10 depict the achieved throughput of LTE-U and WiFi users with our proposed FDTT-MAC protocol, the FD-DC MAC protocol and the HD-DC MAC protocol, respectively. As shown in Figs. 9 and 10, the throughput of LTE-U is increasing and the throughput of WiFi is decreasing with the LTE-U users' channel utilization β increasing for the saturation network case. It is worth mentioning that the throughput of LTE-U under FDTT-MAC protocol increases significantly compared with the throughput of LTE-U under the HD-DC MAC protocol, as shown in Fig. 9 . On the other hand, compared with the throughput of LTE-U under FD-DC MAC protocol, the throughput of LTE-U decreased. However, the drop is not obvious. In Fig. 10 , the throughput of WiFi under FDTT-MAC protocol increases apparently compared with the throughput of WiFi under both FD-DC and HD-DC MAC protocols. Furthermore, considering the two scenarios that q = 0.5 and q = 0.9, we can obtain that the WiFi throughput gets rise when the probability that the detected signal energy falls between the two thresholds is increasing. Figure 11 illustrates the achieved sum throughput with our proposed FDTT-MAC protocol, the FD-DC MAC protocol and the HD-DC MAC protocol, respectively. The sum throughput significantly increases under the FDTT-MAC protocol compared with other two MAC protocols. However, when the channel utilization of LTE-U is zero, it lacks the value of sum throughput under the FDTT-MAC protocol. The reason is that the LBT-based LTE-U performs at least a channel clear assessment whenever it senses the idle channel. Therefore, the channel utilization of LTE-U cannot be zero under the FDTT-MAC protocol. Figure 12 evaluates the impact of different factors on the fairness for LTE-U/WiFi coexisting networks. The fairness first increases, and then decreases as the channel utilization of LTE-U β increases. While β = β * , the fairness reaches the maximum value. We compared the fairness changes under the two scenarios where α = 0.5 and α = 0.9, respectively. We can obtain that the required β * increases while the weighted factor of LTE-U α increases. It is because that the LTE-U throughput needs to be increased for ensuring the sum throughput in the coexistence system. In addition, the q shows little impact on the fairness. Also, the required β * increases as the miss detection probability increases, and it decreases as the false alarm probability increases.
VI. CONCLUSIONS
In this paper, we proposed the FDTT-SS algorithm and FDTT-MAC protocol for LTE-U and WiFi coexisting networks in the unlicensed spectrum. To tackle the WiFi performance-attenuation problem, we proposed FDTT-SS scheme to efficiently increase the channel utilization by decreasing both the miss detection probability and falsealarm probability. Based on the FDTT-SS algorithm, we further developed the original FDTT-MAC protocol which takes into account the fairness. Thus, both the WiFi throughput and sum throughput increase apparently. With the FDTT-MAC protocol, we can obtain the maximized sum throughput while guaranteeing the fairness.
